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We present an all fiber source of frequency entangled photon pairs by using four wave mixing in a
Sagnac fiber loop. Special care is taken to suppress the impurity of the frequency entanglement by
cooling the fiber and by matching the polarization modes of the photon pairs counter-propagating
in the fiber loop. Coincidence detection of signal and idler photons, which are created in pair and
in different spatial modes of the fiber loop, shows the quantum interference in the form of spatial
beating, while the single counts of the individual signal (idler) photons keep constant. When the
production rate of photon pairs is about 0.013 pairs/pulse, the envelope of the quantum interference
reveals a visibility of (95± 2)%, which is close to the calculated theoretical limit 97.4%.
PACS numbers: 42.50.Dv, 42.65.Lm, 03.67.Hk
I. INTRODUCTION
Entangled photon pairs are not only at the heart of
the most fundamental tests of quantum mechanics, but
also essential resources for quantum information process-
ing (QIP). In the past three decades, parametric pro-
cess in nonlinear media has been proved to be an ef-
ficient method to produce entanglement. Spontaneous
parametric down-conversion (SPDC) in χ(2) nonlinear
crystals has been extensively studied, and photon pairs
entangled in various degrees of freedom, such as polar-
ization, momentum, frequency and time-energy etc, had
been realized. The various degrees of freedom provide
more flexibility for studying the fundamental physics and
for the applications in quantum information [1]. Re-
cently, there has been growing interest in generating en-
tangled photon pairs by using χ(3) nonlinearity in optical
fibers [2, 3, 4, 5, 6]. In this situation, entangled photons
are produced in well defined fiber modes, which is con-
venient for integrating with waveguide devices and holds
the promise of developing scalable quantum optical de-
vices. However, comparing with its χ(2)-crystal counter-
parts, the degrees of freedom of entanglement in optical
fiber have not been fully explored.
It has been proved that spontaneous four-wave mix-
ing (SFWM) in optical fibers is an excellent source of
quantum-correlated photon pairs [2, 3, 4]. In this pro-
cess, two pump photons at frequencies ωp1 and ωp2 are
scattered through the χ(3) (Kerr) nonlinearity of the fiber
to simultaneously create a signal photon and an idler
photon at frequencies ωs and ωi, respectively, such that
ωs + ωi = ωp1 + ωp2. When phase matching condition is
satisfied, the possibility of SFWM is greatly enhanced. In
a dispersion shifted fiber (DSF), SFWM process is phase-
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matched for one pulsed pump with the central wavelength
close to the zero dispersion wavelength (ZDW) of DSF, or
for two pulsed pump with the average of the central wave-
lengths close to the ZDW. In the former case, we have
ωp1 = ωp2 while in the latter, ωp1 6= ωp2. Because of the
isotropic nature of the Kerr nonlinearity in fused-silica-
glass fiber, the generated photon pairs are predominantly
co-polarized with the pump photons. In addition, differ-
ent kinds of entanglement photon pairs, such as polar-
ization entanglement, path entanglement, and time-bin
entanglement etc, can be realized by coherently super-
posing two SFWM processes [2, 5, 7, 8].
Frequency entangled two-photon state is made of two
photons of two different frequencies. It has the simple
single-mode form of
|Ψf 〉 = 1√
2
(
|ω1〉c |ω2〉d + |ω2〉c |ω1〉d
)
, (1)
where ω1 6= ω2 and c, d denote different modes. This
state was first realized in parametric down-conversion in
both type-I [9] and type-II [10] forms. Compared to other
types of entanglement, frequency entangled two-photon
state is less studied perhaps because it involves photons
of different frequencies. Nevertheless, it provides another
degree of freedom for quantum information.
In this paper, we experimentally demonstrate the first,
to the best of our knowledge, all fiber source of frequency
entangled photon pairs by using the spontaneous four-
wave mixing (SFWM) in a Sagnac fiber loop (SFL). The
background of the frequency entanglement is suppressed
not only by cooling the fiber, but also by carefully match-
ing the polarization modes of the photon pairs counter-
propagating in the SFL. The nature of the frequency en-
tanglement is evidenced by the coincidence detection of
the nondegenerate signal and idler photon pairs, which
shows the quantum interference in the form of spatial
beating, while the single count rates of the individual
signal (idler) photons are constant. For the photon pairs
with a production rate of about 0.013 pairs/pulse, the
2visibility of interference is (95± 2)% when only the dark
counts of detectors are subtracted.
The paper is organized as follows. After discussing the
principle of the experiment, we will devote Sect.III to
the problem of polarization mode matching, which is es-
sential in realizing high fidelity frequency entanglement.
In Sect.IV, we will describe the experimental procedure
and analyze and interpret the experimental data. We end
with a summary.
II. PRINCIPLE OF THE EXPERIMENT
In SFWM in a fiber, two non-degenerate frequency
components ωs, ωi are produced that are in a two-photon
state entangled with vacuum [11, 12, 13]:
|ΨSFWM 〉 = |0〉+ η |ωs, ωi〉 , (2)
where η(|η| << 1) is related to the Kerr nonlinearity
of the fiber and the square of the amplitude Ep of the
pump field: η ∝ E2p . However, the photons are not fre-
quency entangled in the above state. Frequency entan-
glement is obtained by coherently adding up two counter-
propagating SFWM processes in a Sagnac fiber loop
(SFL). The principle is similar to that in Ref. [8], how-
ever, instead of investigating degenerate photon pairs [8]
by using two pulsed pumps with non-degenerate frequen-
cies, we exploit nondegenerate photon pairs by using one
pulsed pump.
As illustrated in Fig. 1(a), a SFL consists of a piece
of fiber, a fiber polarization controller (FPC), and a
50/50 fiber splitter/coupler. It is preceded by a circu-
lator (Circ), which redirects the SFL reflected photons
to a separate spatial mode. For clarity and consistency,
we label the two output modes of SFL in Fig.1(a) as ”c”
and ”d”. The pump injected into the SFL is split into
two pumps traversing in a counter-propagating manner
by the 50/50 fiber splitter/coupler. Because of the nature
of the 50/50 fiber splitter/coupler, there is a pi/2 phase
shift in the cross-coupled field. Each pump then coher-
ently produces copolarized SFWM photon pairs, |ωs, ωi〉a
and |ωs, ωi〉b, where the footnotes a and b denote the
photon pairs transmitted in the clockwise and counter-
clockwise directions. The photon pairs in two directions,
with a phase difference controlled by the FPC in SFL,
are then recombined at the coupler before coming out
of SFL. Thus, the state of the photons before they are
recombined in the 50/50 fiber coupler is written as, ac-
cording to Eq.(2),
|Ψin〉 = (|0〉a + η |ωs, ωi〉a)⊗ (|0〉b − ei2φη |ωs, ωi〉b). (3)
The minus sign in the photon state of the b field is due to
the pi/2 phase suffered by the pump field coupled across
the 50/50 fiber splitter/coupler (recall η ∝ E2p) and φ is
the phase difference between the two counter-propagating
pump fields in SFL. The 50/50 fiber splitter/coupler now
behaves like an ideal 50/50 symmetric beam splitter to
recombine the a, b fields for the output fields c and d. It
makes the following transformation for the states:
|ω〉a → (|ω〉d + i |ω〉c)/
√
2, (4)
|ω〉b → (|ω〉c + i |ω〉d)/
√
2. (5)
Under the assumption that the modes of the photon pairs
|ωs, ωi〉a and |ωs, ωi〉b are ideally matched, the output
state of the 50/50 fiber coupler can be expressed as
|Ψout〉 = |0〉+
√
2ηeiφ|ψ〉, (6)
with
|ψ〉 = 1√
2
[
cosφ(|ωs, ωi〉d − |ωs, ωi〉c)
+ sinφ(|ωs〉c |ωi〉d + |ωi〉c |ωs〉d)
]
, (7)
where higher order terms in η are omitted. From Eq.(7),
we then obtain the state |ψ〉 as
|ψ1〉 = (|ωs, ωi〉c − |ωs, ωi〉d)/
√
2 (8)
for φ = 0 and
|ψ2〉 = (|ωs〉c |ωi〉d + |ωi〉c |ωs〉d)/
√
2 (9)
for φ = pi/2. In the former case (φ = 0), both signal
and idler photons of a pair via SFWM come out in the
same spatial mode, they are both simultaneously in either
mode c or mode d [2, 14]. In the latter case (φ = pi/2),
the simultaneously created signal and idler photons have
different spatial modes, i.e., if one photon in mode c is
known to be in a frequency ωi then the other one in mode
d is determined to have frequency ωs, or vice versa. For
the signal and idler photons emerging in different spatial
modes, there is no way to determine which pump in SFL
created the photon, this indistinguishability gives rise to
frequency entanglement, as shown in Eq.(9), which has
exactly the same form as Eq.(1) for frequency entangled
two-photon state.
The confirmation of the two-photon frequency entan-
glement is similar to that in other degrees of freedom,
that is, the observation of quantum interference in two-
photon coincidence. For frequency, the corresponding
variable is time. Indeed, let us make a time-resolved two-
photon coincidence measurement between c and d fields,
that is, to measure
P2(τ) ∝ 〈Eˆ(−)d (t)Eˆ(−)c (t+ τ)Eˆ(+)c (t+ τ)Eˆ(+)d (t)〉 (10)
with
Eˆ
(+)
k (t) = aˆk(ωs)e
−iωst + aˆk(ωi)e
−iωit
[Eˆ
(−)
k (t)]
† = Eˆ
(+)
k (t). (k = c, d) (11)
Here the quantum average is over the frequency entan-
gled state in Eq.(9) and we only consider two frequency
3modes at ωs,i for the field operators. A straightforward
calculation gives
P2(τ) ∝ 1 + cos(ωs − ωi)τ, (12)
which shows a beat in frequency difference ωs−ωi. So the
two-photon quantum interference effect for a frequency
entangled two-photon state manifests itself in the form of
a temporal beat in time-resolved two-photon coincidence
measurement.
On the other hand, for the signal and idler pho-
tons that are generated in SFWM in fiber, ωs − ωi ∼
1013rad/s, which requires detectors with a time resolu-
tion of 100 fs. The best detectors in current technology
have a time resolution of the order of a few ps. So it
is impossible to directly observe the temporal beat for a
verification of frequency entanglement. However, we may
employ some interference methods to explore the quan-
tum superposition in Eq.(9). The simplest interference
scheme is the well-known Hong-Ou-Mandel (HOM) in-
terferometer [15] where the two fields of modes c, d are
superposed at a 50/50 beam splitter (Fig.1(b)). We de-
tect one frequency component, say, ωs, at one output port
and the other (ωi) in the other port. When coincidence
is detected between the two detectors, we register one
pair of conjugate photons of ωs, ωi. However, because of
the superposition in Eq.(9), we cannot tell whether ωs is
from c field and ωi from d field or vice versa. This indis-
tinguishability in the paths of the photon pair leads to
two-photon interference in the same way as the degener-
ate case in HOM interference effect. A simple calculation
will confirm the argument above.
Consider the outputs from the beam splitter in
Fig.1(b). They are connected to the c, d fields in Eq.(11)
by
Eˆ
(+)
1 (t) = [Eˆ
(+)
c (t+ δτ) + iEˆ
(+)
d (t)]/
√
2,
Eˆ
(+)
2 (t) = [Eˆ
(+)
d (t) + iEˆ
(+)
c (t+ δτ)]/
√
2. (13)
Here we introduced a delay δτ in the c field. After the
filters, we have the field operators at the detectors as
Eˆ
(+)
D1 (t) = [aˆc(ωs)e
−iωs(t+δτ) + iaˆd(ωs)e
−iωst]/
√
2,
Eˆ
(+)
D2 (t) = [aˆd(ωi)e
−iωit + iaˆc(ωi)e
−iωi(t+δτ)]/
√
2. (14)
We may now calculate the probability of two-photon co-
incidence measurement as
P2(τ) ∝ 〈Eˆ(−)D2 (t)Eˆ(−)D1 (t+ τ)Eˆ(+)D1 (t+ τ)Eˆ(+)D2 (t)〉 (15)
and we have after some straightforward manipulation
P2(τ) ∝ 1− cos(ωs − ωi)δτ. (16)
Note that the detection times t, t + τ do not appear in
Eq.(16) and the detection probability only depends on
the delay δτ , which can be precisely controlled with a
spatial translator. Thus, there is no need for fast detec-
tors to observe the interference effect: the fast temporal
beat is transformed into spatial beating. This idea was
first demonstrated by Ou and Mandel and co-workers
[9, 16].
In practice, there are always some backgrounds that
will degrade the interference effect. Let’s take the unen-
tangled mixed state
ρˆun = (|ωs〉c|ωi〉d〈ωs|c〈ωi|d + |ωi〉c|ωs〉d〈ωi|c〈ωs|d)/2
(17)
as the background. Then the real state is a mixture of
Eq.(17) and Eq.(9):
ρˆsys = p|ψ2〉〈ψ2|+ (1− p)ρˆun, (18)
where p < 1 is the probability of the system in the en-
tangled state. With the above state for the system, we
can easily find the probability for two-photon coincidence
measurement:
P2 ∝ 1− p cos(ωs − ωi)δτ. (19)
Considering the state fidelity is defined as F =
〈ψ2|ρˆsys|ψ2〉, we have
F = p+ (1 − p)/2 = (1 + p)/2, (20)
which is directly related to the visibility of the spatial
beating in Eq.(19).
Before going to next topics, let us briefly discuss how
we can achieve φ = pi/2 in order to obtain the fre-
quency entangled state |ψ2〉 in Eq.(9) from a SFL with
well matched mode. For the SFL without any optical
element, there is no phase difference between the two
counter-propagating fields, i.e., φ = 0. Under this con-
dition, the SFL acts as a perfect reflector [18]. But this
will lead to the state |ψ1〉 in Eq.(8). The phase difference
is introduced by the FPC inserted in the SFL. It can be
easily shown that when φ = pi/2, the SFL acts as a 50/50
beam splitter, i.e., Ic = Id = Iin/2, where Ic and Id de-
note the power at the c and d ports, respectively, for an
incident pump power Iin. This provides us a way to set
φ = pi/2 in the experiment.
III. POLARIZATION MODE MATCH
Because Eq.(7) results from superposition of differ-
ent fields, besides the control of the phase difference
φ in Eq.(7), mode matching between the photon pairs
|ωs, ωi〉a and |ωs, ωi〉b is also required to obtain the fre-
quency entangled state in Eq.(9). Spatial mode matching
is automatically satisfied in a single mode fiber. However,
polarization modes need to be carefully matched due to
the birefringence inevitably induced by optical fiber and
FPC [17]. Since the polarization of photon pairs gen-
erated in our SFL is dominantly parallel to the pump,
to understand how to realize the required ideal mode
matching, we first briefly analyze the polarizations of the
pumps propagating in the SFL.
4Similar to the analysis in Ref.[18], we assume the SFL
lies in the xz plane, and y axis is perpendicular to both
the x and z axes, as shown in Fig.2. For simplicity, we
assume the birefringence in SFL is only introduced by
FPC. Moreover, by introducing three points, I, II and
III, we divide the fiber inside the SFL into two segments,
I − II and II − III, and FPC is placed in segment II −
III. In this reference frame, the Jones vector of the
incident pump field is written as
−→
E in =
(
Ex
Ey
)
, (21)
where Ex(y) is the complex amplitude component of
−→
E in
decomposed along x(y) axis. Passing through the 50/50
fiber coupler,
−→
E in is equally split into two pump fields−→
E ain and
−→
E bin , which start to propagate in SFL from
clockwise and counter-clockwise directions, respectively.
According to the transfer matrix of 50/50 fiber coupler,
we have
−→
E ain =
(
Eaxin
Eayin
)
=
1√
2
(
Ex
Ey
)
(22)
and
−→
E bin =
(
Ebxin
Ebyin
)
=
i√
2
(
Ex
Ey
)
(23)
where Ea(b)xin and Ea(b)yin are the complex ampli-
tude components of
−→
E a(b)in decomposed along x and
y axes, respectively. The 90-degree phase in b-field in
Eq.(23) is from the cross-coupling in the 50/50 fiber split-
ter/coupler.
In the SFL, for the light field propagates from point I
(II) to point II (I), the sign of the component decom-
posed along x axis will be changed, which is equivalent
to the light fields passing through a Jones matrix
J1 =
( −1 0
0 1
)
. (24)
For the pump field transmitting in clockwise and counter-
clockwise directions, the Jones matrix of the FPC is Jc
and J˜c, respectively, where J˜c is the transpose of Jc and
Jc is given by
Jc =
(
Jxx Jxy
Jyx Jyy
)
. (25)
Because the energy of light fields passing through FPC
from clock- and anticlock-wise directions is the same, we
have J∗c J˜c = J˜
∗
cJc = I, where I is the unit matrix. Based
on this relation, it is straightforward to obtain
|Jxx|2 = |Jyy|2 , (26)
|Jxy|2 = |Jyx|2 , (27)
and
J∗xxJyx + J
∗
xyJyy = J
∗
yxJxx + J
∗
yyJxy = 0. (28)
After traveling through the fiber inside the SFL,
−→
E a
and
−→
E b, the two pumps arrive at the 50/50 coupler and
are given by
−→
E a =
(
Eax
Eay
)
= JcJ1
(
Eainx
Eainy
)
, (29)
−→
E b =
(
Ebx
Eby
)
= J1J˜c
(
Ebinx
Ebiny
)
, (30)
where Ea(b)x and Ea(b)y are the components of
−→
E a(b)
decomposed along x and y axes, respectively. After ex-
panding Eqs.(29) and (30), we obtain
Eax =
1√
2
(−JxxEx + JxyEy) (31)
Eay =
1√
2
(−JyxEx + JyyEy) (32)
Ebx =
i√
2
(−JxxEx − JyxEy) (33)
Eby =
i√
2
(JxyEx + JyyEy) (34)
After recombination at the 50/50 fiber coupler, the two
pumps
−→
E a and
−→
E b then generate two exit fields:
−→
E c =
(
Ecx
Ecy
)
=
1√
2
(
iEax + Ebx
iEay + Eby
)
= i
( −JxxEx + 12 (Jxy − Jyx)Ey
JyyEy +
1
2 (Jxy − Jyx)Ex
)
(35)
and
−→
E d =
(
Edx
Edy
)
=
1√
2
(
iEbx + Eax
iEby + Eay
)
=
1
2
(Jxy + Jyx)
(
Ey
−Ex
)
(36)
where Ec(d)x and Ec(d)y are the components of
−→
E c(d) de-
composed along x and y axes, respectively.
From Eqs.(31)-(34), we find that for arbitrary input
polarization of
−→
E in, the polarization modes of the pump
fields
−→
E a and
−→
E b are usually not the same except for
some special Jones matrix Jc. In order to have the same
polarization for a and b fields, i.e., Eax/Eay = Ebx/Eby,
we find that one of the following relations needs to be
satisfied:
Jxy + Jyx = 0 (37)
Jxx = 0 = Jyy and Jxy = Jyx (38)
5JxxE
2
x − JyyE2y = (Jxy − Jyx)ExEy (39)
When Eq.(37) or Eq.(38) is valid, we have
−→
E d = 0 or−→
E c = 0, which means that mode matching is automati-
cally satisfied when the SFL functions as a high reflector
or high transmitter [2, 14]. Otherwise, if
−→
E c(d) 6= 0,
for a specified Jones matrix Jc, the mode matching also
depends on the polarization of
−→
E in, as determined in
Eq.(39).
It is clear from Eqs.(35, 36) that the polarization mode
of transmitted pump field
−→
E d only depends on that of
the incident pump
−→
E in, whereas the polarization mode
of the reflected field
−→
E c varies with
−→
E in and the Jones
matrix Jc. It should be noted that once the polarizations
of the two counter-propagating pumps
−→
E a and
−→
E b are
matched, the polarizations of the reflected and transmit-
ted pump fields
−→
E c and
−→
E d will match as well.
Using Eqs.(26)-(28) in Eq.(39) and after some manip-
ulation, we find
JxxE
∗2
y − JyyE∗2x = (Jyx − Jxy)E∗xE∗y . (40)
From Eq.(40), we can then infer that once
−→
E a and
−→
E b are
polarization-matched for the pump
−→
E in, as in Eq.(39),
the polarization mode matching condition will be pre-
served for the orthogonal input pump
−→
E⊥in ≡
(
E∗y
−E∗x
)
. (41)
We would like to point out that if the polarization
modes of the photon pairs |ωs, ωi〉a and |ωs, ωi〉b are not
well matched, the purity and fidelity of the generated
frequency entanglement will be degraded. For example,
if pump fields
−→
E a and
−→
E b are orthogonal, the polariza-
tions of the photon pairs |ωs, ωi〉a and |ωs, ωi〉b will also
be orthogonal. In this case, signal and idler photons will
randomly go to mode c or d even though the SFL func-
tions as a 50/50 power splitter for the incident pump,
and the output of the SFL is in a mixed state of |ψ〉1
and |ψ〉2. The existence of |ψ〉1 contributes to the back-
ground photons of frequency entanglement |ψ〉2, which
will cause the degradation of fidelity F .
Combining what we have found above about the phase
difference and the polarization control in the SFL, we
summarize how to generate the frequency entangled pho-
ton pairs |ψ2〉 = (|ωs〉c |ωi〉d + |ωi〉c |ωs〉d)/
√
2 as: (i) the
two counter-propagated pumps (and photon pairs) have
the same polarization when they recombine at the 50/50
coupler or the fields at the output ports c and d have the
same polarization; and (ii) the transmission (reflection)
efficiency of the SFL is 50%. We can carefully adjust the
FPC in the SFL to achieve these conditions, as we will
see in the next section.
IV. EXPERIMENT
Our experimental setup is shown in Fig.3. Signal and
idler photons at wavelengths of 1544.5nm and 1531.9 nm,
respectively, are produced in a SFL (Fig.3(a)) consist-
ing of a 50/50 fiber coupler (FC1) spliced to 300 m of
DSF with ZDW λ0 = 1538± 2 nm at 77 K. The DSF is
submerged in liquid nitrogen to reduce the Raman scat-
tering (RS). The linearly polarized pump pulses with a
pulse width of ∼ 4 ps and a central wavelength of 1538.2
nm, are spectrally carved out from a mode-locked femto-
second fiber laser (repetition rate ≈40 MHz). To achieve
the required power, the pump pulses are amplified by
an erbium-doped fiber amplifier. The pump pulses are
further cleaned up with a band-pass filter F1 having an
FWHM of 0.9 nm. A half wave plate (HWP1) is used
to adjust the polarization state of the pump. A 95/5
fiber coupler is used to split 5% of the pump for power
monitoring.
To reliably detect the signal and idler photons, an iso-
lation between the pump and the signal/idler photons in
excess of 100dB is required, because of the low efficiency
of SFWM in DSF. We achieve these by passing the out-
put of SFL through a filter ensemble F2 (Fig.3(b)), or F3
and F4 (Fig.3(c) or (d)). F2 with an FWHM of 0.7 nm
is realized by cascading double grating filters (DGFs) [2],
composed of grating G1 and G2 or G3, with tunable fil-
ters (TF) TF1 and TF2 having a central wavelengths
of 1544.5nm and 1531.9nm, respectively (see Fig.3(b)).
Mirror M1 in F2 is used to reflect the pump transmit-
ted through SFL for alignment purpose. F3 (F4) with a
supper-Gaussian spectrum and an FWHM of about 0.9
nm is realized by cascading two WDM filters, whose cen-
tral wavelength is 1544.5 (1531.9)nm. The signal (idler)
photons are counted by single photon detectors (SPD)
operated in the gated Geiger mode. The 2.5 ns gate
pulses arrive at a rate of about 1.29 MHz, which is 1/32
of the repetition rate of the pump pulses, and the dead
time of the gate is set to be 10 µs.
A. Polarization mode match and adjustment of
phase difference
For the purpose of polarization mode match, laser
pulses at signal wavelength (1544.5 nm), spectrally
carved out from the mode-locked fiber laser and path-
matched with the pump pulses, are injected into the SFL
through a 90/10 fiber coupler (Fig.3(a)). In principle, the
required mode matching could be achieved by making the
polarization of the reflected pump (c-field) the same as
that of the transmitted pump (d-field). But this is prac-
tically not realizable since the two pump fields propagate
along different fibers after they come out of the SFL.
This difference makes it impossible to compare the po-
larizations of the two pump fields since different fibers
have different birefringence. To circumvent this, we need
the help of an auxiliary beam at the signal wavelength
6injected into the SFL from d port (see Fig.3(a)). When
the polarization of the injected signal field is the same as
the input pump field, the gain of FWM inside the SFL
is at the maximum. This can be used to match the po-
larizations of the injected signal at d port and the input
pump at c port. Once this is done, the reflected output
signal field (coming out from d port) will have the same
polarization as the output pump field at c port due to
the symmetry of SFL. Thus matching the polarization of
the output signal field at d port with the output pump
field at d port is equivalent to matching the polarizations
of the pump fields at c and d ports. Since the two fields
to be compared are now all out of the same port (d port),
they experience the same birefringence in the same fiber.
So, both the pump and the signal pulses are launched
simultaneously into the SFL with HWP1 positioned at 0
degree. The reflected pump, obtained by passing the out-
put of Circ (c output port) through a 1-nm bandwidth
TF with a pass-band the same as F1, is monitored by a
power meter. The photons out of d port passing through
FPC3 and a fiber polarization beam splitter (FPBS1)
are directed to F2 (see Fig.3(b)). The signal amplifica-
tion is first maximized by adjusting FPC2 (for matching
the polarizations of the injected signal field with that
of the input pump field). Then FPC1 and FPC3 are
carefully adjusted, so that not only the reflected pump
in mode c is 50% of its maximum, but also the signal
and pump passing through F2 can be maximized and
minimized simultaneously, which guarantees that the re-
flected and optimally amplified signal has the same po-
larization as the transmitted pump in port d. Once the
adjustment is completed, the inject ed signal is blocked
and further measurement is made on the parametric flu-
orescence with only the pump field input.
B. Generation of frequency entangled states
After we obtain the correct polarization mode match
and set the phase difference φ at pi/2, we need to confirm
that what we obtain is |ψ2〉 state not |ψ1〉 state, before
we verify the frequency entanglement. This is done by
two-photon coincidence measurement in mode d alone
(checking |ψ1〉 state) and between mode c and mode d
(checking |ψ2〉 state).
With the pump power fixed at 0.18 mW and FPBS1
removed, we measure the single counts and coincidence
of the signal and idler photons as the polarization of the
incident pump is varied by rotating HWP1. We perform
two experiments. In the first one, both the signal and
idler photons in mode d are directed to F2 for measuring
the probability of both signal and idler photons coming
out of d port or for checking |ψ1〉 state. The result is
shown in Fig. 4(a), the coincidence rate varies as the ori-
entation of HWP1 is changed. For HWP1 orientated at
0, 45, 90,135 and 180 degree, respectively, the coincidence
is very close to the calculated accidental coincidence ob-
tained from the measured single counts. For HWP1 at
22.5, 67.5, 112.5 and 157.5 degree, respectively, the coin-
cidence rates are about at the maximum. In the second
experiment, signal and idler photons coming from ports
c and d are directly fed to F3 and F4, respectively, with-
out passing through the polarization elements. This is for
checking |ψ2〉 state. The result is shown in Fig.4(b). The
coincidence rate also varies as the orientation of HWP1
changed, but the direction of change is the opposite of
Fig.4(a).
We noticed that the rotation of HWP1 does not affect
the transmission efficiency of 50% for the SFL. This is
consistent with Eq.(36), showing the transmission only
depends on the Jones Matrix Jc in SFL. For HWP1 ori-
entated at 0, 90, and 180 degree, respectively, the po-
larization of the incident pump is actually the same and
the well matched mode does not change. For HWP1
orientated at 45 and 135 degree, respectively, the polar-
ization of the incident pump is rotated to its orthogonal
mode, the mode matching condition is still preserved,
confirming Eq.(41). In these situations, the output of
the SFL is |ψ2〉 = (|ωs〉c |ωi〉d + |ωi〉c |ωs〉d)/
√
2, but not
|ψ1〉 = (|ωs, ωi〉c−|ωs, ωi〉d)/
√
2. So the coincidence rate
of signal and idler photons in mode d is expected to be
close to the accidental coincidence rate, whereas the co-
incidence rate of signal and idler in mode c and d, re-
spectively, is the highest. One sees that in Fig.4(a), the
coincidence for HWP1 at 45 and 135 degree, respectively,
is not at the same height as that for HWP1 at 0 degree,
we think this discrepancy may be originated from the
imperfection in HWP1.
The results in Fig.4 agree with our analysis that non-
ideal polarization mode matching of photon pairs will de-
grade the purity of frequency entanglement photon pairs.
Notice that in Fig.4(b), the maximum of the true coin-
cidence rate (HWP1 positioned at 0, 45, 90,135 and 180
degree), which is the difference between the coincidence
and the accidental coincidence is twice of the minimum
(HWP1 positioned at 22.5, 67.5, 112.5 and 157.5 degree).
Comparing Fig.4(a) with Fig.4(b), and taking into ac-
count the difference in efficiency and bandwidth of F2,
F3, and F4, we find the value of maximum true coinci-
dence rate in Fig.4(a) is the same as that of the minimum
coincidence rate in Fig.4(b). HWP1 is all positioned at
22.5, 67.5, 112.5 and 157.5 degree for these cases. All
above can be understood as follows.
For HWP1 at 22.5 and 67.5 (112.5 and 157.5) degree,
respectively, the incident pump can be equally decom-
posed along the two orthogonal modes: one mode cor-
responds to, say, −→x ; the other corresponds to −→y . In
this reference frame, when the two counter-propagating
pumps meet at FC1, if the phase difference of the pumps
along −→x is φx = pi/2, then we have φy = −pi/2 for the
pumps decomposed along −→y [19]. This means that if the
two counter-propagating pumps are originally polarized
along 45 degree (HWP1 at 22.5 degree), they will be or-
thogonally polarized when they meet at FC1, and so are
the photon pairs. Therefore, the signal and idler pho-
tons created in pairs randomly go to mode c or d, and
7the output of SFL is a mix of |ψ1〉 and |ψ2〉 with equal
amplitude. As a result, the true coincidence rate of signal
and idler photons is about half of the achievable highest
rate, as observed in both Fig.4(a) and Fig.4(b).
To further improve the purity of the frequency entan-
gled photon pairs, FPC3 and FPBS1 are used to select
the scattered photons co-polarized with the pump, and
so are FPC4 and FPBS2 (see Fig.3(c)). This is because
in the process of generating photon pairs via SFWM in
DSF, the accompanying Raman scattering background
photons which include co- and cross-polarized photons
would inevitably degrade the purity of the entangled pho-
ton pairs, and the cross-polarized photons can be sup-
pressed by using a polarization beam splitter [20]. To
demonstrate the improved purity, similar to previous ex-
periment, we fix the HWP1 at 0 degree and measure the
single counts and coincidence of the co-polarized signal
and idler photons as a function of pump power in the
two cases. When both the co-polarized signal and idler
photons in mode d are directed to F2, no obvious differ-
ence between the measured coincidence and calculated
accidental coincidence rates are observed, as shown in
Fig.5(a). When the co-polarized signal and idler pho-
tons come from modes c and d are fed to F3 and F4,
respectively, the coincidence rate is much higher than
that of the calculated accidental coincidence, as shown
in Fig.5(b). Comparing the ratio between the rates of
coincidence and accidental coincidence in Fig.5(b) with
that in Fig.4(b), for the average pump power of 0.18
mW and the orientation of HWP1 at 0 degree, we find
the ratio in Fig.5(b) is about 16, whereas the ratio in
Fig.4(b) is about 13. This shows the improvement in
the purity of the entangled photon pairs. Moreover,
this set of data also confirms the output state of SFL
is |ψ2〉 = (|ωs〉c |ωi〉d + |ωi〉c |ωs〉d)/
√
2, in which if the
signal photon appears in mode c (d), its twinborn idler
photon will be present in mode d (c). We are now ready
to measure the frequency entanglement.
C. Verification of frequency entanglement
The frequency entanglement can be confirmed by the
spatial beating effect [9]. Signal and idler photons with
non-degenerate frequencies in modes c and d are carefully
path matched and simultaneously directed to a 50/50
fiber coupler (FC2) from two input ports (see Fig.3(d)),
respectively. Before coupling in FC2, co-polarized sig-
nal and idler photons in mode c are delayed by reflector
mirrors mounted on a translation stage. To ensure the
two input fields of FC2 have the identical polarization,
the polarization of the delayed photons is properly ad-
justed by FPC5. The two outputs of FC2 are passed
through filters F3 and F4, and detected by SPD1 and
SPD2, respectively. For the generated frequency entan-
gled state |ψ2〉 = (|ωs〉c |ωi〉d + |ωi〉d |ωs〉d)/
√
2, the co-
incidence counting probability between SPD1 and SPD2
is given by Eq.(16) or Eq.(19) if the state is not pure.
However, in practice, the signal and idler fields have a
broadband. A detailed multimode theory was given in
Ref.[9] and the coincidence probability is proportional to
P2 ∝ 1− V f(δτ) cos[(ωi − ωs)δτ ], (42)
where V is the visibility, δτ is the optical time delay
between the two paths from the 50/50 coupler FC1 to
the 50/50 coupler FC2. The function f(δτ) is associ-
ated with the spectra of the detected signal and idler
fields and is usually determined by the filters F3 and F4
because of the broad bandwidth of the generated signal
and idler fields. In our experiment, the frequency dif-
ference (ωi − ωs)/2pi equals 1.58× 1012Hz; the time de-
lay is associated with the difference in readings of the
translation stage δl through the relation δτ = 2δl/c,
where c is the speed of light in vacuum; the spectrum
of F3(F4) is super-Gaussian shaped and can be approx-
imated as a square function, so f(δτ) is a sinc-function:
f(δτ) ≈ sinc(σδτ), where σ is determined by the band-
width of F3(F4).
The observation of frequency entanglement is achieved
by measuring the coincidences between the two SPDs
as the position of the translation stage is varied (see
Fig.3(d)). In the experiment, the average power of pump
is about 0.1 mW, and both the single counts and co-
incidences of SPDs are recorded by the counting sys-
tem. The photon counting measurement shows that
the single counts of signal and idler photons, recorded
by SPD1 and SPD2, respectively, stay constant. The
deduced production rate of detected photons in signal
(idler) band is about 0.02 photons/pulse, from which
we find the photon-pair production rate is about 0.013
pairs/pulse [21]. However, the coincidences exhibit an
interference pattern in the form of spatial beating (dark
counts of SPDs have been subtracted), as shown in Fig.6.
The periodicity of the spatial beating is ∆l = 0.095
mm, which corresponds almost exactly to the period
∆τ = 2pi/(ωi − ωs) = 2∆l/c. The solid curve in Fig.6 is
the plot of the function P2 given by Eq.(42) with the pro-
portional constant, the origin of position, the bandwidth
of F3 and F4, and the visibility adjusted for best fit. The
result of the fit gives a visibility of V = (95 ± 2)%. One
sees that the experimental data reasonably agrees with
the fit. There is slight displacement between the data
points and the fitted curve. We believe this is caused by
the crudeness of the translation stage.
It is worth noting that the visibility (95 ± 2)% is ob-
tained in our experiment without the subtraction of the
accidental coincidences, which are from multi-pair con-
tribution. Gisin and co-workers considered the influence
of multiple pairs in two-photon interference [22]. Follow-
ing the same argument but using a thermal statistics for
the multi-pair statistics, we obtain
Vth = 1− 2Pp, (43)
where Pp is the probability of single pair in one pulse.
With a photon pair production rate of Pp ∼ 0.013
8pairs/pulse, we have the theoretical upper limit Vth =
0.974. The discrepancy with the experimental value is
mainly due to the existence of co-polarized Raman scat-
tering, which can be decreased by cooling the DSF fur-
ther [23].
Since the visibility of the interference is not 100%, the
state fidelity is not unity. From Eq.(20), we find the state
fidelity of the system is F = (1 + V )/2 = 0.975.
V. SUMMARY AND DISCUSSION
In conclusion, we have developed and characterized
an all fiber source of frequency entangled photon pairs
at telecom band. Purity of the entangled state is in-
creased by matching the polarization mode of photon
pairs counter-propagated in SFL. This mode matching
method will be useful for SFL-based quantum-state en-
gineering [24]. Moreover, the wavelength of this kind of
entanglement can be extended to various ranges by us-
ing photonic crystal fibers [3, 4]. The basic states of the
entanglement at frequencies |ωs〉 and |ωi〉 can be used as
qubits for QIP, which resembles the schemes in atomic
physics where different energy levels are used to realize a
qubit. Furthermore, in contrast to the frequency entan-
glement created by χ(2) nonlinear crystals [9, 25, 26], our
source has the advantage of mode purity. The spatial
mode of all the signal and idler photons with frequen-
cies within the gain bandwidth of SFWM is the guided
transverse mode of the fiber. Additionally, comparing
with other kinds of entangled photon pairs in finite di-
mensions, such as polarization entanglement and time-
bin entanglement etc, the state space of our source is
an infinite-dimensional continuous variable (frequency).
Therefore, we believe that the fiber source of frequency
entangled photon pairs will prove to be useful for devel-
oping quantum information technologies [27].
Furthermore, this source can be used in recently dis-
covered quantum optical coherent tomography [28]. The
narrow feature at zero delay is much sharper than the
Hong-Ou-Mandel dip in the original schemes [28, 29] and
can achieve better accuracy [30].
Acknowledgments
This work was supported in part by NECT-060238, the
NSF of China (No. 60578024, No 10774111), Foundation
for Key Project of Ministry of Education of China(No.
107027), the State Key Development Program for Basic
Research of China (No. 2003CB314904), the Specialized
Research Fund for the Doctoral Program of Higher Edu-
cation of China (No.20070056084), National High Tech-
nology Research and Development Program of China
(No.2007AA03Z447), and 111 Project B0704.
[1] W. Tittel and G. Weihs, Quantum Information and Com-
putation 1, 3 (2001).
[2] X. Li, P. L. Voss, J. E. Sharping, and P. Kumar, Phys.
Rev. Lett. 94, 053601 (2005).
[3] J. Fan, A. Dogariu, and L. J.Wang, Opt. Lett. 30, 1530
(2005).
[4] O. Alibart, J. Fulconis, G. K. L. Wong, S. G. Murdoch,
W. J. Wadsworth, and J. G. Rarity, New J. of Phys. 8,
67 (2006).
[5] H. Takesue, Opt. Express 14, 3453 (2006).
[6] J. Chen, J. Fan, M. D. Eisaman, and A. Migdall, Phys.
Rev. A 77, 053812 (2008).
[7] P. Kumar, K. F. Lee, J. Chen, X. Li, and P. L. Voss,
presented at CLEO/QELS 2005, paper QTuJ1 (2005).
[8] J. Chen, K. F. Lee, and P. Kumar, Phys. Rev. A 76,
031804(R) (2007).
[9] Z. Y. Ou and L. Mandel, Phys. Rev. Lett. 62, 54 (1988).
[10] Y. H. Shih and A. V. Sergienko, Phys. Rev. A 50, 2564
(1994).
[11] Z. Y. Ou, L. J. Wang, and L. Mandel, Phys. Rev. A 40,
1428 (1989).
[12] L. J. Wang, C. K. Hong, and S. R. Friberg, J. of Opt.
B-Quantum and Semiclassical optics 3, 346 (2001).
[13] J. Chen, X. Li, and P. Kumar, Phys. Rev. A 72, 033801
(2005).
[14] M. Fiorentino, P. L. Voss, J. E. Sharping, and P. Kumar,
IEEE Photon. Technol. Lett. 14, 983 (2002).
[15] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett.
59, 2044 (1987).
[16] Z. Y. Ou, E. C. Gage, B. E. Magill, and L. Mandel, Opt.
Comm. 69, 1 (1988).
[17] B. MCulshaw, Meas. Sci. Technol. 17, R1 (2006).
[18] D. B. Mortimore, J. Lightwave Technol. 6, 1217 (1988).
[19] It can be easily shown following the formalism in Ref.[18]
that there is a pi-phase shift between the two orthogonal
polarizations for the phase difference in two counterprop-
agating fields in the SFL, that is, φ− φ⊥ = pi.
[20] X. Li, J. Chen, P. L. Voss, J. Sharping, and P. Kumar,
Opt. Express 12, 3737 (2004).
[21] X. Li, L. Yang, L. Cui, Z. Y. Ou, and D. Yu, Opt. Lett.
33, 593 (2008).
[22] I. Marcikic, H. de Riedmatten, W. Tittel, V. Scarani,
H. Zbinden, and N. Gisin, Phys. Rev. A 66, 062308
(2002).
[23] S. D. Dyer, M. J. Stevens, B. Baek, and S. W. Nam, Opt.
Express 16, 9966 (2008).
[24] J. Chen, J. B. Altepeter, and P. Kumar, New J. of Phys.
10, 123019 (2008).
[25] S. B. Cho and T. G. Noh, Opt. Express 15, 7591 (2007).
[26] H. Kim, J. Ko, and T. Kim, Phys. Rev. A 67, 540102
(2003).
[27] J. Mrolla, Y. Mazurenko, J. Goedgebuer, and W. T.
Rhodes, Phys. Rev. Lett 82, 1656 (1999).
[28] M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and
M. C. Teich, Phys. Rev. Lett. 91, 083601 (2003).
[29] M. B. Nasr, S. Carrasco, B. E. A. Saleh, A. V. Sergienko,
M. C. Teich, J. P. Torres, L. Torner, D. S. Hum, and
M. M. Fejer, Phys. Rev. Lett. 100, 183601 (2008).
9[30] Z. Y. Ou and L. Mandel, Phys. Today 42, S57 (1989).
(a)
d
b a
50/50Pump
Cir
FPC
aisa
?? ,0 ???
c
bis
?? ,?
b
0 ? ?2ie
(b)
c
d
50/50 Counting
System
SPD2
SPD1
Filter
Filter
?
i
1
2
??
?
s
2/)(2 cidsdics ????? ??
?
out 0 ?? ?2 ?e i?
ilt r
FIG. 1: (Color online) The conceptual schematic of (a) gen-
erating frequency entanglement by using a Saganc fiber loop
(SFL) with well matched mode, and (b) observing quantum
interference with frequency entangled two-photon state. Cir,
circulator; FPC, fiber polarization controller; SPD, single
photon detector.
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FIG. 2: (Color online) Polarization reference frame of the
pump fields propagating around the SFL.
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FIG. 3: (Color online) Experimental setup: (a) Sagnac fiber
loop (SFL); (b) arrangement for polarization mode match
and for two-photon coincidence measurement in output port
d for checking |ψ1〉 state; (c) two-photon coincidence measure-
ment between output ports c and d for checking |ψ2〉 state;
(d) schematic for verifying frequency entanglement generated
from SFL. F, filter; HWP, half wave plate; Cir, circulator;
FPC, fiber polarization controller; FC, 50/50 fiber coupler;
FPBS, fiber polarization beam splitter; G, grating; M, mir-
ror; TF, tunable filter; SPD, single photon detector.
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FIG. 4: (Color online) Coincidence rate (diamonds) and acci-
dental coincidence rate (triangles) of signal and idler photons
(a) both in mode d and (b) in modes c and d, respectively,
as the polarization of the linearly polarized incident pump is
varied by rotating HWP1.
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FIG. 5: (Color online) Coincidence rate of co-polarized signal
and idler photons (a) both in mode d and (b) in modes c and
d, respectively, as the power of pump is varied while keeping
HWP1 oriented at 0 degree to ensure well matched mode in
SFL.
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FIG. 6: (Color online) Coincidence rate versus the position
of the translation stage. The solid curve is a fit to Eq.(42),
where σ = 2pi × 1.09 × 1011 rad/s, V = 95%.
